African trypanosomes, such as Trypanosoma brucei and related species, are kinetoplastid parasites 1 , which also include the human pathogens Trypanosoma cruzi and Leishmania spp. Together, these protozoan parasites cause substantial human morbidity and mortality worldwide and limit economic development in some of the most impoverished regions of the world [2] [3] [4] . In this Review, we focus on T. brucei, which is the causative agent of African trypanosomiasis (also known as sleeping sickness) in humans. The parasite is transmitted to humans by tsetse flies (BOX 1), and the disease proceeds in two clinical stages: the haemolymphatic stage, during which parasites replicate in the blood and lymph, causing clinical manifestations of recurrent fever and general malaise; and the invasive phase, during which parasites move out of the bloodstream and into extra vascular spaces, including cardiac tissue and the central nervous system (CNS). This second stage is marked by meningoencephalitis, headaches and severe neurological changes that disrupt the sleep-wake cycle, and if left untreated, it is typically followed by coma and death 5, 6 . Sleeping sickness poses a threat to an estimated 60 million people. There is currently no vaccine available and treatments are antiquated, toxic and increasingly ineffective 7 .
.
T. brucei has a single flagellum, which is present throughout the cell cycle and during all stages of development
. The flagellum is essential for viability 8 , is the sole means of motility and has emerged as a key player in multiple facets of development, transmission and pathogenesis. In fact, the distinctive auger-like motility of T. brucei (Supplementary information S1 (movie)) provided the basis for naming the genus. In 1843, in one of the earliest descriptions of T. brucei, Gruby 9 observed that the organism, which he identified in frog blood, " … turns two or three times around its axis, like a drill or a corkscrew, which is why I propose to name this haematozoan 'Trypanosoma' . " The name combines the Greek words trypanon (which means auger) and soma (which means body), so literally translated, the trypanosome is an 'auger body' . Since then, trypanosome motility has captured the attention of many scientists, and an 'undulating membrane' (REF. 10 ) (now known to be the flagellum) is a prominent feature of most descriptions.
Trypanosome movements to specific host tissues are defining events in pathogenesis and transmission
, thus emphasizing the importance of the motility function of the flagellum. In addition to its canonical role in motility, the T. brucei flagellum is important for morphogenesis and cell division, and it is a crucial host-parasite interface that mediates attachment to host tissues and provides a scaffold for the assembly of signalling proteins and virulence factors. In this Review, we outline the structure and assembly of the T. brucei flagellum and discuss how this organelle functions in motility, morphogenesis and host-parasite interactions. Where relevant, we point out eukaryote-conserved versus trypanosome-specific flagellum features.
Flagellum structure
The trypanosome flagellum emerges from the posterior of the cell and defines the anterior-posterior axis (FIG. 1) . It is built on a canonical 9 + 2 axoneme, which contains nine doublet microtubules that are Kinetoplastid A term used to describe a group of flagellated protozoa within the phylum Euglenozoa. The defining feature of kinetoplastids is that their mitochondrial DNA is arranged into a tightly packed network that is known as the kinetoplast.
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, which perhaps reflects the demands of a pathogenic lifestyle and the role of the flagellar pocket in virulence and immune evasion 15 . The site at which the axoneme exits the flagellar pocket is known as the flagellar pocket collar, which is marked by a fibrous cytoskeletal structure that holds the flagellar membrane and cell membrane in close apposition and is required for flagellar pocket biogenesis 17 . From the collar onwards, the axoneme is surrounded by its own membrane, which has a lipid and protein composition that is distinct from that of the flagellar pocket membrane and cell membrane 18, 19 . Most flagellated cells maintain flagellum connections to the cell membrane within the flagellar pocket 16 . However, the T. brucei flagellum is also laterally connected to the cell body along almost its entire length, and only the distal tip extends free of the cell body (FIG. 1) . Lateral flagellum attachment is mediated by junctional complexes that use proteins in the flagellum and cell body to hold the flagellum membrane and plasma membrane in tight apposition [20] [21] [22] [23] . These junctional complexes constitute a specialized 'flagellum attachment zone' (FAZ) that extends from the flagellar pocket to the anterior end of the cell. The FAZ includes a cytoplasmic FAZ filament 24, 25 , together with a specialized quartet of subpellicular microtubules (known as the microtubule quartet) that are associated with a membranous reticulum 26 , the FAZ endoplasmic reticulum (FER) that is contiguous with the ER. Lateral attachment of the flagellum to the cell body has consequences for cell motility and cell division, as described below. Moreover, this unique architecture divides the cell surface into several discrete membrane subdomains 27, 28 (FIG. 1) and thereby imposes specialized demands on protein targeting to the hostparasite interface. Trafficking mechanisms that enable protein targeting to each of these specific subdomains remain enigmatic.
The axoneme. The fundamental unit of flagellum motility is the 9 + 2 axoneme, which consists of nine outer
Box 1 | Trypanosoma brucei life cycle
A generalized life cycle of Trypanosoma brucei is shown in the figure, part a. Infection of a mammalian host initiates when a tsetse fly bite delivers growth-arrested metacyclic trypomastigotes to the mammalian bloodstream. Metacyclic trypomastigotes then differentiate into proliferating long slender forms that establish and maintain a bloodstream infection. Parasites eventually penetrate the blood vessel endothelium and invade extravascular tissues, including the central nervous system (CNS). Little is known about specific developmental forms that are present in extravascular compartments. In the bloodstream, a quorum sensing-like mechanism elicits the differentiation of long slender forms into short stumpy forms that are cell-cycle arrested and pre-adapted for survival in the tsetse fly 136 . When an infected host is bitten by a tsetse fly, parasites are taken up with the blood meal into the midgut, where short stumpy forms differentiate into procyclic trypomastigotes that resume cell division and establish a midgut infection. Midgut procyclic trypomastigotes then embark on an epic migration (see the figure, part b) that takes them through the peritrophic matrix, along the foregut to the proventriculus, and from there onwards through the mouthparts, salivary ducts and ultimately into the salivary gland, where they attach to the salivary gland epithelium. In the proventriculus, procyclic trypomastigotes undergo extensive restructuring, coupled to an asymmetric division, to generate one long epimastigote and one short epimastigote. The short epimastigote attaches to epithelial cells following arrival in the salivary gland. Attached epimastigotes replicate and ultimately complete the life cycle via an asymmetric division 82 to generate metacyclic trypomastigotes that are free in the salivary gland lumen and are uniquely adapted to survive in the mammalian host. The dividing forms that replicate via binary fission are indicated with a circular arrow. Parasite movements within the tsetse fly (see the figure, part b) and mammalian host (see the figure, part c) are illustrated. The blue line in part b depicts the route taken from the midgut to the salivary gland and the red line indicates the route from the salivary gland to the mouthparts. Parasites move out of blood vessels, penetrating the blood-brain barrier to enter the CNS (see the figure, part c). 
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Ciliary necklace
A specialized region of the flagellar or ciliary membrane that surrounds the transition zone; it is defined by chalice-shaped filaments that extend outwards from the axoneme and form indentations in the ciliary membrane.
Subpellicular microtubules
A cage-like array of microtubules that subtend the plasma membrane (pellicle) and run parallel to the long axis of the cell.
Microtubule quartet
Four specialized subpellicular microtubules that extend from the basal body to the anterior of the cell and subtend the region of plasma membrane where the flagellum attaches to the cell body. These four microtubules constitute part of the flagellum attachment zone, are associated with a subdomain of the smooth endoplasmic reticulum and are antiparallel to the other subpellicular microtubules.
Trypomastigotes
Parasite morphotypes in which the basal body is posterior to the nucleus.
Epimastigote
A parasite morphotype in which the basal body is anterior to the nucleus.
doublet microtubules that surround a central pair of singlet microtubules 29 (FIG. 2) . Each of the outer doublet microtubules consists of an A-tubule and a B-tubule, which provide a scaffold for the assembly of inner-arm and outer-arm dynein motors. Adjacent doublets are connected via the nexin-dynein regulatory complex (NDRC) 30, 31, 32 . Radial spokes extend inwards from each outer doublet and converge on the central-pair apparatus, which includes the central-pair micro tubules surrounded by a sheath-like structure 33 . Components of the T. brucei radial spokes and central-pair apparatus remain mostly uncharacterized, but the few examples that have been studied show that these structures are critical for normal motility [34] [35] [36] . In a landmark study, axoneme biogenesis Nature Reviews | Microbiology 
Propulsive parasite motility
A sustained, forwards movement of a parasite. Propulsive motility is distinguished from general writhing of the parasite, which is generated by unregulated beating of the flagellum.
in T. brucei was shown to be essential and to depend on intraflagellar transport (IFT) 8 
When viewed longitudinally, substructures on outer doublet microtubules are arranged in a repeating unit with a periodicity of approximately 96 nm 37 . In T. brucei, the axonemal repeat unit includes three radial spokes, four outer-arm dyneins, inner-arm dyneins and the NDRC 30 (FIG. 2) . The stoichiometry of inner-arm dyneins and the NDRC in T. brucei has not been determined. The basic architecture of the axoneme repeating unit is conserved among eukaryotes that have motile flagella. However, there are several differences in T. brucei compared with Chlamydomonas reinhardtii, which is considered to be a reference organism for axoneme structure 37, 38 .
For example, the T. brucei axoneme has three radial spokes instead of two, each outer-arm dynein has two heavy chains instead of three and the T. brucei axoneme has specialized NDRC subunits and central-pair microtubules that retain a fixed orientation relative to outer doublets 30, 34, 36, 39 . At the molecular level, flagellum motility is powered by ATP-dependent structural changes in axonemal dynein motors that are permanently attached to the A-tubule of each outer doublet microtubule. These structural changes cause dyneins to reversibly attach to the B-tubule of the neighbouring doublet and drive the sliding of adjacent doublets. Separate connections, such as the NDRC, limit sliding, and this generates doublet bending 40 . Harnessing flagellum beating to drive propulsiv e parasite motility requires the propagation of localized bending of axonemal doublets along the length of the axoneme -this process requires spatial and temporal regulation of thousands of dynein motors. The precise mechanisms for regulating axonemal dynein activity are not clear, but they involve various axonemal protein complexes 41, 42 . Among these, the NDRC is perhaps the best characterized 32 . The NDRC is a large (>1 MDa) complex that is present in almost all motile axonemes and contains conserved as well as organism-specific subunits [43] [44] [45] [46] . In T. brucei, the NDRC includes trypanin 36 and component of motile flagella 70 (CMF70) 44 , as well as candidate subunits, trypanin-related protein, CMF46, CMF40 and CMF22 (REFS 36, 43, 47) . Pioneering studies in C. reinhardtii show that the NDRC functions together with the radial spokes and central-pair apparatus as a reversible inhibitor of dynein 32, 48 . Functional analysis of NDRC subunits supports a similar role in T. brucei 36, 44 . The architecture and exact subunit composition of the NDRC and other axonemal regulatory systems remain unknown and this should be the focus of future studies.
The paraflagellar rod. As the flagellum extends beyond the flagellar pocket, an extra-axonemal structure called the paraflagellar rod (PFR) is formed 49 . The PFR is a massive, lattice-like filament that runs alongside the axoneme and is connected to axonemal doublets 4-7. It is restricted to kinetoplastids and a few other organisms 49 and is essential for normal motility in T. brucei 50 . In cross-section, the PFR has three structural domains that are proximal, intermediate and distal to the axoneme-PFR interface (FIG. 2) . Three recent electron tomography studies reported that a repeating unit within the distal domain has 51-57 nm longitudinal periodicity 21, 30, 51 , and PFR connections to the axoneme were observed to occur with a longitudinal periodicity of 56-57 nm. The periodicity of the connectors corresponds well to the PFR repeat-unit size and is a multiple of the 8 nm unit of tubulin dimers that make up the axonemal microtubules, which suggests that the connectors might be elaborated from intrinsic structural repeats. The size and complexity of the PFR-axoneme superstructure makes structural studies technically demanding, and more work is needed to define a detailed structure as well as to elucidate the assembly mechanisms of the PFR
Outer-arm dynein 
Reynolds number
A dimensionless number that describes the relative contribution of inertial and viscous forces to cell movement. Microorganisms operate at low Reynolds numbers, for example, <10 −3 , at which viscous forces dominate.
PFR function has remained enigmatic, although emerging details indicate that it has structural as well as regulatory roles 52 ; for example, as a large, extraaxonema l filament, the PFR imposes obvious structural constraints on axonemal beating. An intriguing idea that has recently been suggested is that it may function as a biomechanical spring to absorb and transmit energy that is produced by flagellum beating and twisting 30 . Although a structural influence on axonemal beating has long been considered, recent exciting work indicates that the PFR also provides a scaffold for the assembly of proteins that are suspected to be involved in Ca 2+ and cyclic AMP-dependent signalling 53, 54 . Ca 2+ and cAMP have prominent roles in regulating flagellar motility and signalling functions in other flagellated organisms 55, 56 , including other trypanosomatids 57 . Notably, NDRC subunits also contain domains that are predicted to function in Ca 2+ signalling 43, 47 , making both the NDRC and PFR potential targets of Ca 2+ -dependent regulation of flagellum function. Understanding the mechanisms by which the NDRC and PFR might influence flagellum motility and signalling in response to external cues is a key issue that needs to be addressed in future studies.
Flagellum motility
Flagellum-dependent parasite motility. Until recently, the basic view of trypanosome motility remained mostly unchanged from original descriptions of 170 years ago 9 . Early work showed that motility is driven by a flagellar wave that initiates at the tip of the flagellum and moves towards the base of the flagellum 58 . This flagellum beat is characteristic of T. brucei and other trypanosomatids, but it is opposite to that observed in most eukaryotic flagella. As the flagellar wave propagates along the cell, recoil against the surrounding fluid drives cell movement in the opposite direction to that of beat propagation. Hence, the cell moves forwards, with the flagellum tip leading (Supplementary information S1 (movie)). The direction of the beat occasionally reverses, which causes tumbling, irregular and sometimes backwards cell movement 34, 59, 60 . Although specific signals that regulate flagellum beating have not been identified in T. brucei, studie s in the related trypanosomatid, Crithidia oncopelti, show that tip-to-base beating occurs at low (<0.1 mM) Ca 2+ concentrations and that the direction switches to base-to-tip at higher Ca 2+ concentrations 57 . The flagellum follows a helical path around the cell, and lateral attachment of the flagellum to the cell enables the flagellar wave to be directly transmitted to the cell body, which causes the entire body to rotate as it moves, effectively turning the trypanosome into a microbial corkscrew. At a low Reynolds number, viscous forces dominate and this type of helical motion becomes an efficient means of cell propulsion in high viscosity environments, such as blood and tissues 61 . These classic descriptions of trypanosome motility have recently gained further experimental support. The Engstler group used state-of-the-art high-speed video microscopy to study the movement of bloodstream-form T. brucei in liquid cultures as well as in conditions that resemble the bloodstream environment. Uppaluri et al. 62 provided evidence that the tip of the flagellum moves faster than the posterior end of the cell, which confirms earlier observations 63 . Heddergott et al. 60 observed that the cell body rotates as it moves forwards, and rotation occurs uniformly in the anticlockwise direction, as viewed from posterior to anterior. Using mathematical modelling, a 'plane-rotational' model was proposed, in which the flagellum beat itself is planar, but physical constraints that are imposed by the attached cell body cause the beat to become helical as the cell moves forwards. The model of an intrinsically planar, and not helical, flagellum beat differs from previous reports for T. bruce i 63 and other flagellated protists 64, 65 . Rodriguez et al. 63 also used state-of-the-art high-speed video microscopy to analyse bloodstream-form and procyclic-form T. brucei motility. They describe a 'bihelical' model, in which the flagellar waveform alternates between lefthanded and right-handed helical waves, which causes
Box 2 | Flagellum assembly in Trypanosoma brucei
Trypanosoma brucei flagellum assembly initiates at the basal body and depends on intraflagellar transport (IFT) 8, 137, 138 , which is a bidirectional transport system that operates along outer axonemal doublet microtubules to deliver proteins into and out of the flagellum. Complexes of IFT proteins assemble into particles that mediate the delivery of nascent flagellum subunits from their cytoplasmic site of synthesis into the flagellum. Kinesin motors transport IFT particles and their cargo to the flagellar tip (via anterograde transport), where cargo is released for assembly into the growing flagellum. IFT particles are returned to the base of the flagellum (via retrograde transport) by dynein motors. IFT was originally identified in Chlamydomonas reinhardtii and is now known to be an almost universal feature of eukaryotic flagella 137 . T. brucei encodes all of the IFT proteins that are required for flagellum assembly 139 . Live imaging of IFT in T. brucei (Supplementary information S2 (movie)) suggests that there are two pools of IFT particles at the base of the flagellum and that only one of these actively participates in IFT 140 . These studies also revealed two distinct populations of anterograde IFT particles, each of which moves at a different speed.
In addition to IFT, eukaryotes depend on a specialized protein complex, which is known as the BBSome, for trafficking of particular membrane proteins into and out of the flagellum. The BBSome is a multimeric complex of highly conserved proteins that is found only in ciliated organisms 141 . In humans, mutations in BBSome genes result in Bardet-Biedl syndrome (BBS), which is a pleiotropic disease that is caused by defective cilia 141 . T. brucei has homologues of all BBSome subunits and there is indirect evidence that links them to flagellum assembly 142 , although their direct involvement has not been tested.
In addition to having characteristics in common with other eukaryotes, T. brucei flagellum assembly has parasite-specific features. First, the trypanosome flagellum is retained throughout the cell cycle, which differs from most other organisms that have been studied, and assemblies of the new and old flagellum seem to be controlled separately. Second, the flagellum tip harbours a disorganized axoneme during flagellum biogenesis 143 . Third, growth of each new flagellum follows a path that is defined by the old flagellum 86 , and the presence of the paraflagellar rod (PFR) seems to limit which outer doublet microtubules may be used for IFT 139 . Thus, T. brucei flagellum assembly must accommodate spatial constraints that are not seen in other organisms. The T. brucei flagellum also undergoes major changes in position and length throughout the parasite life cycle FIG. 3 ), which indicates a need for plasticity in the assembly systems that control flagellum size and position. Furthermore, axoneme assembly must be coordinated with assembly of the PFR and flagellum attachment zone (FAZ) (FIG. 1) . The regulatory systems that are responsible, as well as their relationships to canonical IFT and BBSome systems, remain to be discovered. PFR assembly depends on axoneme biogenesis, but axoneme biogenesis does not depend on PFR assembly, as IFT mutants fail to assemble both structures, whereas PFR mutants assemble normal axonemes 8, 144 . The mechanisms of PFR assembly are not known, but, in addition to the major subunits PFR1 and PFR2 (REFS 50, 145) , assembly depends on calmodulin 95 and involves a specific kinesin 146 .
Bloodstream-form
A Trypanosoma brucei life cycle stage that is found in the bloodstream of the mammalian host and is commonly cultivated in vitro.
Procyclic-form
A Trypanosoma brucei life cycle stage that is found in the midgut of the tsetse fly and is commonly cultivated in vitro.
the trypanosome cell body to rotate alternately in anticlockwise and clockwise directions. Bihelical motility has also been described for the bacterium Spiroplasma melliferu m 66 and flagellated gametes of Plasmodium berghei 65 . These two different models, the plane-rotational model and the bihelical model, offer potential advantages for parasite movement in its natural environment, but the exact mechanism of motility is debated. . Events for the division of bloodstream-form cells are essentially the same, except that there is no flagella connector and both nuclei remain anterior to both kinetoplasts 85 (not shown). b | The major morphological variants that occur during the developmental cycle within the tsetse fly are shown. Restructuring and repositioning of the flagellum is a prominent feature of cellular differentiation events that generate these developmental forms. A mesocyclic trypomastigote is generated from a procyclic cell by elongation of the flagellum and cell body (step 1). Long epimastigotes are formed via repositioning of the nucleus and basal body (step 2). An asymmetric division gives rise to one long and one short epimastigote (steps 3 and 4 ). The short epimastigote is generated by cleavage furrow (indicated by the dashed line) initiation at the tip of the shorter flagellum (green) and FAZ. Metacyclic trypomastigotes are formed by another asymmetric division 82 (dashed arrow) that again repositions the nucleus and basal body (step 5).
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Choroid plexus
A network of vessels in the brain that produce the cerebrospinal fluid.
Pia mater
The innermost layer of membranous connective tissue that surrounds the brain and spinal cord.
Differences in experimental analyses or interpretation might contribute to the different models that have been proposed. However, as trypanosomes move in environments as diverse as the mammalian bloodstream and the tsetse alimentary tract, alternative modes of motility might be accessible to the parasite, and differences in the studies might be a reflection of this. Additional work is necessary to distinguish between these possibilities.
Trypanosome motility is influenced by the host environment. In suspension cultures, trypanosomes have periods of propulsive motility, which are interspersed with tumbling or irregular movements. When the viscosity of the culture medium is increased to approximately that of blood, propulsive velocity increases, as does the proportion of trypanosomes that exhibit propulsive motility 60 . Interestingly, when parasite motility was examined among pillars that were constructed from silicone polymers, cell velocity was maximal when pillar spacing approximated that estimated for red blood cells in the bloodstream 60 . The results suggest that the motility of bloodstream-form T. brucei is tuned to the environment that they encounter in the bloodstream of the mammalian host 60 . In its natural environment, which differs widely from suspension culture, T. brucei is in constant contact with host-tissue surfaces. Interestingly, cultivation of procyclic T. brucei on semi-solid agarose surfaces induces a novel group motility -which is known as social motility 67 -whereby individual parasites collect into multi cellular communities that move en masse across the surface and divert their movements in response to as yet unidentified signals that are produced by nearby cells. T. brucei social motility is flagellum-mediated 67 and exhibits similarities to social motility and other surface-induced behaviours that are observed in a broad range of bacteria, including human pathogens such as Vibrio species 68 . Trypanosome social motility has not been described for the bloodstream-form, and how it relates to the biology of the parasite in the tsetse fly vector remains to be seen. One hypothesis 67 is that it may facilitate movement across surfaces, which is necessary for the completion of the parasite life cycle
Stationary pillars and agarose surfaces are different from the dynamic and heterogeneous nature of environments that T. brucei encounters in the mammalian host and in the insect vector. However, these studies represent a key step forwards, as they simulate the natural environments that are encountered by trypanosomes and emphasize the impact that the extracellular environment has on microbial cell movements.
Motility in disease transmission and pathogenesis.
T. brucei movement through specific host tissues is crucial for parasite development, transmission and pathogenesis
. In the tsetse fly, T. brucei moves in an ordered sequence through specific tissues, traveling from the midgut to the salivary gland, where the parasites differentiate into variant surface glycoprotein (VSG)-coated metacyclic trypomastigotes 69 . Parasites traverse a distance that is equivalent to several tsetse fly body lengths and must penetrate tissue barriers, such as the peritrophic matrix and proventriculus. Active parasite motility is required for these events, as recent work has shown that axonemal dynein motility mutants are unable to proceed beyond a midgut infection 70 . Parasite movement through the tsetse fly is important to the transmission cycle, as metacyclic parasites that are produced in the salivary gland are the only developmental forms within the tsetse fly that are capable of infecting a mammalian host 69 . In the mammalian host, trypanosome motility is considered to be important for penetration of the bloodbrain barrier and invasion of the CNS 71 . Whether CNS invasion provides a specific advantage for the parasite is not clear; however, it is a defining step in the pathogenesis of sleeping sickness, as it marks the onset of the lethal stage of the disease. CNS invasion also limits therapeutic intervention, as parasites within this compartment are not affected by drugs that do not cross the blood-brain barrier and might persist after drug treatment, thus constituting a source of relapse infection 72 . Two routes of CNS invasion have been proposed. In one model, parasites first penetrate the epithelial tight junctions of the blood-cerebrospinal fluid barrier at the choroid plexus to enter the cerebrospinal fluid, and from there, they invade the pia mater and, ultimately, the brain tissue 73, 74 . In the second model, parasites penetrate the endothelial tight junctions of the blood-brain barrier in brain microvessels to directly invade the brain 75 . In both models, the auger-like motility of the parasite is hypothesized to facilitate tissue penetration, although this hypothesis has not yet been directly tested.
Parasite motility in the bloodstream is also hypothesized to facilitate defence against the early host humoral immune response 76 . T. brucei undergoes switching of its VSG surface antigens and rapidly removes host immuno globulin bound to surface VSG to prevent immune clearance of the parasite population. Recent work showed that trypanosome propulsive motility drives the removal of host immunoglobulin-VSG complexes via a hydrodynamic flow-mediated mechanism 76 . In this model, parasite movement generates hydrodynamic forces that cause immunoglobulin-VSG complexes at the cell surface to be swept backwards to the cell posterior, where they are endocytosed at the flagellar pocket, thus thwarting host efforts aimed at opsonization and immune destruction.
Efforts to directly test the requirement for parasite motility in host infection and pathogenesis have been hampered, as RNAi knockdown of flagellar proteins in bloodstream-form T. brucei is generally lethal, even when parasites are grown in culture 34, 77, 78 . The lethal RNAi phenotype precludes tests in animal models and has been interpreted to suggest that perturbing motility is lethal in bloodstream-form T. brucei 34, 77, 78 . However, recent work indicates that this is not the case, as axonemal dynein light chain 1 (LC1) point mutants have defective forwards motility but are viable 79 . Thus, the lethal phenotype in LC1 RNAi knockdowns 59 seems to reflect the pleiotropic effects of protein depletion rather than a motility defect per se 79 . Interestingly, LC1 point mutants produce an acute bloodstream infection in mice that is indistinguishable from that obtained with wildtype parasites 80 . This indicates that normal motility is dispensable for bloodstream infection, although it is not yet known whether motility is required for chronic infection or invasion of the CNS. The availability of viable motility mutants as well as new tools for genetic manipulation of T. brucei strains that cause chronic infections 81 now make it possible to address this important problem.
Other roles of the flagellum Role of the flagellum in cell morphogenesis and cell division. The mechanisms of T. brucei cell division are poorly understood, but they are a topic of great interest, particularly as specialized asymmetric cell divisions result in different parasite morphologies in the tsetse fly and are essential to producing forms that are infectious to mammals 82, 83 . Classic descriptions used the differential position and size of the flagellum to classify various morphotypes that were observed in T. brucei and other trypanosomes FIG. 3) . Interestingly, several studies now indicate that changes in flagellum size and position are not mere epiphenomena and that flagellum biogenesis is in fact crucial for directing organelle inheritance, cell morphogenesis and cell division 84, 85 . One of the first recognizable events in the trypanosome cell cycle is the assembly of a new flagellum, which originates at the basal body and elongates with the tip, moving towards the anterior of the cell (FIG. 3) . A prominent, and so far unique, feature of T. brucei flagellum biogenesis is that the existing flagellum directs the assembly path for the new flagellum 86 . In procyclic cells, this is mediated by the flagella connector, which is a mobile molecular machine that tethers the tip of the new flagellum to the side of the existing flagellum and translocates with the new flagellum tip as it assembles alongside the old flagellum 86, 87 . A flagella connector is not apparent in bloodstream-form cells, although the new flagellum nonetheless follows the path of the old flagellum. In this case, the tip of the new flagellum is submerged within a 'groove' in the cell membrane, which is suggested to have an analogous function to the flagella connector of procyclic cells 88 . The capacity of the old flagellum to direct the positioning and assembly of the new flagellum provides a remarkable example of 'structura l inheritance' , whereby an existing cellular structure defines the assembly of nascent structures in progeny cells 86, 89 . An important focus for future studies will be to define the composition of the flagella connector and mechanisms of movement, as well as to determine how this structure disassembles to enable cell division.
Once the new flagellum reaches a specific length, division occurs via binary fission, and the unique physical arrangements of the flagellum and associated structures seem to function in directing cell cleavage. Cytokinesis initiates near the tip of the new flagellum and proceeds along a cleavage furrow that is positioned between the new flagellum and the old flagellum (FIG. 3) . Pioneering work by Robinson et al. implicated the flagellum and FAZ as critical determinants of cleavage-furrow positioning and polarity 84 . RNAi knockdown of flagellum assembly machinery and components of the FAZ in procyclic cells have now provided experimental support for this idea and have revealed mechanistic details of how flagellum biogenesis dictates cell size via the control of FAZ filament assembly 8, 20, 23, 25 . Knockdown of the IFT machinery blocks flagellum elongation and yields cells that fail to assemble a FAZ filament and are inviable 8 . Similarly, for most FAZ components, RNAi-mediated depletion inhibits FAZ assembly and is lethal 20, 22, 25, 90 . One exception is the FAZ component Fla1BP 23 . In this case, RNAi results in cells that have a shortened FAZ filament but that continue to divide with unaltered growth rate, although the flagellum becomes detached 23 . Notably, flagellum growth continues in fla1BP-knockdown cells. Thus, in at least some cases, flagellum attachment is not essential for viability or flagellum elongation, which is consistent with earlier studies 22 . The FAZ filament of fla1BP-knockdown cells is shorter than that of the wild type, but it is longer than that of FAZ protein-knockdown cells that are inviable, which suggests that the FAZ filament must reach a minimum length in order to support cell division 20, 23 . In all cases, cells that have a shortened FAZ filament are smaller than wild-type cells and cell length correlates with FAZ filament length, which supports the idea that cleavage furrow ingression initiates at the anterior end of the shorter FAZ 8, 23, 25, 84 . Consistent with this idea is the finding that the cell cycle regulators Polo-like kinase and Aurora B-like kinase dynamically localize to the anterior end of the new FAZ and are required for cytokinesis [91] [92] [93] [94] . The combined results suggest a model in which axoneme assembly uses flagellum-cell body FAZ junctions to direct FAZ filament assembly in the cytoplasm. In turn, the FAZ filament specifies the placement and path of the cleavage furrow and hence dictates cell length and shape 8, 20, 23, 25, 84, 95 . In addition to defining the plane of cell division, the flagellum controls the segregation of other organelles 85 . Perhaps the best characterized example is the mitochondrial genome, which is organized into a single disc-like structure known as the kinetoplast. The kinetoplast must be duplicated and faithfully segregated in each cell cycle. The new and old kinetoplasts are physically connected to the respective new and old basal bodies by filaments that extend from the basal body, through the mitochondrial membrane, and attach directly to the kinetoplast 96 . During flagellum elongation, new and old basal bodies move apart (FIG. 3) in a microtubule-dependent process 97 . Basal body-kinetoplast connectors transmit basal-body movements to the kinetoplasts, which drives kinetoplast segregation and ensures that subsequent cell cleavage leaves one basal body and one kinetoplast per daughter cell 96, 97 . Interestingly, most basal-body separation occurs after the anterior movement of the new flagellum tip has stopped at approximately 50-60% of the old flagellum length 84, 98 . Elongation of the new flagellum continues during this time period, which has led to speculations that forces associated with flagellum elongation may contribute to basal-body, and hence kinetoplast, segregation 98, 99 . However, the exact relationship between the arrest of flagellum tip movement along the old flagellum and movements of basal bodies is far from clear, and this is an important area for future studies 100 .
Given the potential for flagellum biogenesis to control cell division, cell size and organelle positioning, it will now be crucial to define regulatory systems that control the size of the flagellum. Control of flagellum size is a fundamental issue in cell biology that has broad relevance 101 ; in T. brucei, it could underlie morphologica l transformations that are crucial for transmission and pathogenesis [102] [103] [104] .
Role of the flagellum in host-parasite interactions. The flagellum of eukaryotic cells is now recognized to be a major hub that senses extracellular signals and transduces them into cellular responses 105, 106 . Restricting signal perception and the transduction machinery to a specific subcompartment, such as the flagellum, provides increased sensitivity and control and is a paradigm that applies to many signalling systems and cellular responses in vertebrates and protozoa 107 . The conserved role of the eukaryotic flagellum as a sensory organelle has fueled the hypothesis that the trypanosome flagellum may function as a sensory platform for host-parasite interactions 18, 108 , although this idea remains speculative at present.
Although direct evidence of a sensory function for the T. brucei flagellum is lacking, an accumulating body of evidence shows that the flagellum is an important hostparasite interface that is well-suited to mediate responses to extracellular signals (FIG. 4) . A key example is attachment to the tsetse fly salivary gland epithelium, which is mediated by extensive outgrowths of the flagellar membrane that interdigitate between host microvilli to form close contacts with epithelial cell membranes. Plaques of electron-dense material assemble inside the flagellum, forming adhesion complexes at sites where the tips of microvilli contact the flagellum and these are thought to fortify the host-parasite connection 109 . In another African trypanosome, Trypanosoma congolense, the flagellum also mediates attachment to host blood-vessel endothelial cells 110 . The signalling systems that direct the restructuring of the flagellum membrane following contact with host tissues are not known, but they presumably reside within the flagellum.
T. brucei flagellum attachment enables the parasite to establish a permanent infection in the salivary gland, which alters the feeding behaviour of the fly, favouring transmission to the mammalian host 111 . Flagellum attachment also correlates with parasite re-entry into the cell cycle 82 , expression of meiotic genes 112 and the onset of differentiation into mammalian-infectious trypomastigotes 109 . Interestingly, differentiation can be achieved in vitro without flagellum attachment to host tissues by overexpressing a specific RNA-binding protein, RBP6 (REF. 113 ). It remains to be seen whether flagellum attachment is required for differentiation in vivo.
In addition to mediating interactions with host cells, recent work suggests that the flagellum mediates T. brucei cell-cell interactions during mating, which occurs in the tsetse fly salivary gland 114 . Ex vivo reconstruction of the sexual cycle of the parasite identified specialized gamete-like cells that engage in flagellum-flagellum interactions before fusing 114 . Flagellum interactions occur only between parasites that are derived from the salivary gland and not between midgut trypanosomes, which is consistent with the suggestion that meiosis and parasite genetic exchange take place in the salivary gland 112 . Flagellum adhesion events are also observed during mating of other flagellated protistsfor example, in C. reinhardtii and Paramecium spp. 115, 116 . In C. reinhardtii, flagellum adhesion between gametes initiates a cAMP signalling response in the flagellum, which, in turn, triggers zygote formation 117 . These observations suggest the intriguing possibility that T. brucei flagella interactions may contribute to signalling events during mating.
In summary, flagellum attachment to the salivary gland epithelium provides a dramatic example of a flagellumdependent host interaction and is a crucial step of the Nature Reviews | Microbiology 
Monomorphic
Having a single form. The term is used to refer to those isolates of Trypanosoma brucei that produce only a single morphotype during the mammalian bloodstream stage of the life cycle; that is, they do not exhibit the long slender-to-short stumpy form transition. Monomorphic forms generally occur as a result of prolonged laboratory cultivation and tend to produce an acute, highly virulent infection in mice, which is marked by the absence of the multiple waves of parasitaemia that are typically seen in infections with field isolates.
Flagellar matrix
A luminal compartment of the flagellum. Although the matrix is contiguous with the cytoplasm, protein entry is restricted by a diffusion barrier at the base of the flagellum.
parasite transmission cycle, whereas flagellum-flagellum interactions between trypanosome cells may contribute to the sexual cycle of the parasite. It will now be important to determine whether these flagellum-mediated interactions elicit specific signalling responses and to identify the potential proteins that are involved.
Flagellar virulence factors.
As discussed above, the T. brucei flagellar pocket is the sole site for the exchange of macromolecules with the host, and as such, it has a key role in host-parasite interactions. This is exemplified by its role in the uptake of host transferrin 118 to meet cellular iron demands and in the uptake of trypanotoxic lytic factors that are present in human serum and dictate host-range specificity [119] [120] [121] (FIG. 4) . Further determinants of host-parasite interactions include several flagellar proteins that modulate virulence in the mammalian host. Glycosylphosphatidylinositol-phospholipase C (GPI-PLC) is a bloodstream-form-specific enzyme that is concentrated in the flagellar membrane and promotes release of VSG 122 . Although the precise biological function of GPI-PLC-dependent VSG release is not known, the enzyme is required for full virulence of pleomorphic trypanosomes, as mice that are infected with GPI-PLCnull mutants have extended survival and control parasitaemia better than mice that are infected with control trypanosomes 123 . GPI-PLC also participates in VSG shedding during the differentiation of bloodstream forms to procyclic forms 124 and may therefore be a target of signalling systems that control parasite adaptation to changing host environments.
Additional flagellar virulence factors include calflagins and metacaspase 4 (MCA4) (FIG. 4) , both of which require myristoylation and palmitoylation for trafficking to the flagellar membrane 125, 126 . Calflagins are Ca
2+
-binding proteins that are upregulated in bloodstream parasites and localize to lipid rafts of the flagellar membrane 126 . Calflagins are dispensable for proliferation, motility and surface-antibody clearance in vitro. However, RNAi specific for calflagins in monomorphic trypanosomes results in attenuated parasitaemia and prolonged survival of infected mice 127 . MCA4 is a bloodstream-form-specific protein that is both flagellumlocalized and secreted 125 . Secretion is concomitant with proteolytic processing by MCA3, whereas MCA4 itself is a pseudopeptidase that lacks detectable peptidase activity. In monomorphic T. brucei, MCA4-null mutants have a striking virulence phenotype that is characterized by multiple parasitaemic waves and prolonged host survival 125 . Notably, the virulence defect can be rescued by the expression of a mutant MCA4 that is secreted but that does not localize to the flagellum and is not processed. How calflagins and MCA4 influence host physiology to promote pathogenesis and the role for flagellum localization of the proteins remain to be determined.
Perhaps the most in-depth insights into flagellummediated host-trypanosome interactions come from studies of expression site associated gene 4 (ESAG4) (FIG. 4) . ESAG4 is bloodstream-form-specific, localizes to the flagellar membrane and is member of a large family of adenylyl cyclases that catalyse the conversion of ATP to cAMP 128 . Expressing a dominant-negative ESAG4 mutant reduced cellular cAMP levels by 50% 129 . Strikingly, this reduction of cAMP is tolerated during in vitro growth but leads to virulence defects, such as reduced parasitaemia and prolonged survival of infected mice. The authors provided mechanistic insights by showing that ESAG4 mutants are defective at inhibiting the production of tumour necrosis factor (TNF) in host liver immune cells and that reduction of trypanotoxic TNF by wild-type trypanosomes is mediated by host protein kinase A (PKA) 129 . The emerging model is that trypanosomes, following lysis or phagocytosis by host macrophages, activate ESAG4 to produce cAMP, which, in turn, activates host PKA to inhibit trypanotoxic TNF synthesis. This enables trypanosomes to resist the early host innate immune response. It will now be important to determine the effect of flagellum localization on ESAG4 function and whether ESAG4 is the only adenylyl cyclase that is required for virulence.
Signalling pathways at the flagellum. A major limitation of studies of flagellum-dependent signalling and host-parasite interactions in T. brucei has been the lack of a flagellum preparation that retains an intact membrane. This poses a problem, as the membrane is the direct host interface and the signalling capacity is dictated by surface-exposed membrane proteins that are coupled to soluble components of signalling cascades in the flagellar matrix. The problem was recently overcome by the purification of membrane-enclosed flagella from bloodstream-form T. brucei and proteomic analyses of the flagellum surface and matrix, which were differentiated by the presence of conjugated biotin in the surface fraction 130 . The identified proteins have a broad range of molecular functions and include several putative receptor and transporter proteins as well as corresponding effector proteins in the matrix 130 . The flagellum surface proteome was enriched for proteins that are upregulated in the bloodstream form and contained many T. bruceispecific proteins. Thus, this suggests that the trypanosome flagellum is a diverse and dynamic interface that is well-suited for host-parasite signalling. Consistent with this idea, putative flagellar proteins were recently identified in genetic screens for effectors of quorum sensing 131 and cAMP-dependent signalling 132 . It will now be crucial to directly test the potential connection between flagellum location and signalling function for the proteins that were identified in the above studies.
Summary and outlook
The flagellum is an iconic and defining feature of the trypanosome cell. Although it is typically recognized for its role in parasite motility, the T. brucei flagellum is now known to be essential for cell morphogenesis and host-parasite interactions. In all of these capacities, the flagellum is a key mediator of parasite transmission and pathogenesis. Recent work has begun to identify molecules and mechanisms of flagellum biogenesis and function, which has yielded crucial insights into trypanosome biology. An important focus for future studies Nature Reviews | Microbiology will be to decipher the signals and targeting machinery that direct proteins to the flagellum and specific flagellar subdomains 133 , as this remains an enigmatic process in all flagellated organisms. Unique features of trypanosome motility make it an attractive potential target for therapeutic intervention. It is therefore important to determine the composition, architecture and function of axonemal substructures that regulate flagellum motility, including responses to external cues. The application of state-of-the art electron tomography should provide a structural foundation to describe motility mechanisms at the molecular level, and models can be formally tested by genetic manipulation of component proteins. Moreover, the emerging role of the flagellum as a morphogenetic hub for the trypanosome cell is receiving increased attention. It will now be crucial to elucidate the stage-specific mechanisms by which the flagellum and its associated structures dictate cell shape and size and to test the idea that regulation of flagellum biogenesis governs the morphological transitions that define T. brucei development. Finally, the flagellum is a crucial host-parasite interface that has functions as diverse as attachment to host tissues and subversion of host immune pathways. Extracellular cues from diverse environments direct parasite development and almost certainly guide parasite navigation, but mechanisms of signal transduction in these organisms are mostly unknown. In this context, the hypothesis that the flagellum is a signalling hub for directing parasite responses to external signals is a fascinating idea, and testing this hypothesis could fill a crucial gap in our knowledge of trypanosome biology.
More broadly, T. brucei has emerged as a powerful model system for studying the biology of the highly Box 3 | Flagella and cilia are prominent but understudied structures of many human pathogens
The eukaryotic flagellum (which is also known as the cilium) is present in most extant lineages, although notable exceptions include many amoebas, fungi and seed plants 147 . The core of the organelle is the axoneme, the structure of which is conserved across eukaryotes and generally exhibits a 9 + 0 or 9 + 2 arrangement of microtubules, as depicted in the figure. Cilium structural conservation is mirrored at the molecular level, and a range of ciliary proteins are conserved in ciliated eukaryotes but absent in non-ciliated organisms 148 . In a few cases, ciliary proteins can function outside the cilium 149 . The initial role of the cilium is uncertain, but in extant lineages, it is assumed to have both motility and sensory functions 107, 150 . The relevance of cilia in human development and physiology is paramount, as cilium defects lead to a broad class of inherited diseases, which are known as ciliopathies 134 . These diseases have diverse clinical manifestations, including respiratory malfunction, infertility, body-axis defects, mental retardation, renal failure and obesity, thus showcasing the multiple functions that are integrated by the cilium. Our understanding of these functions is aided by protozoan model systems such as Chlamydomonas reinhardtii 151, 152 and Trypanosoma brucei 153 . The T. brucei flagellum is one of the best characterized, can be manipulated by powerful molecular genetic tools and has provided valuable insights into how cilia assemble and move 77, 140, 154 . Emergence of the T. brucei flagellum as a crucial host-pathogen interface should raise awareness of the importance of the flagellum in several additional pathogens of medical and economic importance. A broad range of microbial and multicellular eukaryotic pathogens rely on flagella to complete their life cycle, but the contribution of their cilia to virulence and pathogenesis remains mostly unstudied. These pathogens cause tremendous human suffering, pose a great threat to global public health and contribute to the destruction of human resources 155, 156 . Examples are shown in the figure, surrounding a canonical 9 + 2 axoneme, and include kinetoplastid parasites 4 and causative agents of malaria 157 , trichomoniasis 158 , schistosomiasis 159 , filariasis 160 and epidemic diarrhea 161 , along with the potato blight pathogen 156 . Effective vaccines are not available for any of these pathogens, and new conceptual approaches to combatting the diseases that they cause are desperately needed. One approach would be applying the paradigm of the flagellum as a hostpathogen interface and investigating the contribution of flagella to virulence in these parasites. Similar to advances that have been made by the renaissance in mammalian cilia research 162 , such studies promise to provide valuable insights into pathogen biology and might uncover novel approaches for therapeutic intervention.
conserved eukaryotic flagellum, which is also known as the cilium. The importance of cilium motility and signalling in human development and physiology are now widely recognized 134, 135 . However, what is less appreciated is that cilia are an understudied but prominent feature in a broad range of human pathogens that pose a tremendous global public health burden
. The motility functions of cilia in these infectious organisms are self-evident, but their signalling functions and their contribution to pathogenesis are mostly unexplored. The increasing importance of T. brucei as a system for studying flagellum biology will thus increase awareness and understanding of the contribution of the flagellum to a broad range of inherited and infectious diseases.
